In 2 experiments, dark-cutting (DC) beef strip loins were used to test the effects of citric acid-enhancement pH on visual and instrumental color of fresh and cooked steaks. In Exp. 1 and 2, each DC (mean pH = 6.57 and 6.65, respectively) and normal-pH, low USDA Choice (CH; mean pH = 5.48 and 5.51, respectively) strip loin was cut into 2 equallength sections, and DC sections were injected to 111% of raw section weight with pH 3.5 to 5.0 (Exp. 1) or pH 2.0 to 3.5 (Exp. 2) solutions made by mixing citric acid in either 0.05% orthophosphate (PO 4 ) solution or tap water (H 2 O) base solutions (Exp. 1) and 0.5% PO 4 or 0.5% tripolyphosphate solution base solutions (Exp. 2). After enhancement, sections were cut into steaks, which were assigned to either 5 d of simulated retail display or cooked to 71°C for cooked color measurement. Postenhancement pH of DC steaks enhanced with pH 3.5 to 5.0 solutions did not (P ≥ 0.180) differ from that of nonenhanced DC steaks (Exp. 1) but linearly decreased (P < 0.001) as solution pH decreased from 3.5 to 2.0 (Exp. 2). Even though fresh color scores were increased (P < 0.001) by citric acid enhancement over untreated DC steaks during the first 3 d of display, fresh steak color never (P < 0.001) approached that of nonenhanced CH steaks. When compared with nonenhanced DC steaks, enhancement with pH 3.5 to 5.0 solutions received lower cooked color scores, whereas enhancing DC sections with pH 2.5 solutions produced cooked color and degree-of-doneness scores similar (P ≥ 0.113) to those of nonenhanced CH steaks (Exp. 2). Results indicated that the pH of citric acid enhancement solutions, regardless of base solution, were insufficient to improve the fresh color of DC beef; however, enhancement with pH 2.5 citric acid solutions effectively eliminated the persistent red cooked color typically associated with DC beef comparable with that of normal-pH beef.
INTRODUCTION
Dark-cutting (DC) beef is characterized by abnormally elevated muscle pH, increased water-holding capacity (WHC), a sticky texture, and a dark, undesirable lean color (Smith et al., 1993) . Dark-cutting beef is not typically sold as retail cuts because consumers discriminate against the dark red to almost black fresh lean color (Viljoen et al., 2002) , and DC beef is not routinely marketed through foodservice because when cooked, DC beef will exhibit a persistent red, undercooked appearance at internal temperatures adequate for browning of normal-pH beef cuts (Mendenhall, 1989; Trout, 1990) .
Organic acids have been used successfully as an antimicrobial intervention for carcasses (Cutter and Siragusa, 1994; Yoon et al., 2009) , primal cuts (Acuff et al., 1987) , and retail cuts (Elgadir et al., 2011) for several years. Also, marinating meat from mature animals (Aktaş et al., 2003) or with high amounts of connective tissue (Arganosa and Marriott, 1989; Chang et al., 2010) in organic acids improved cooked meat tenderness. More recently, enhancing postrigor DC beef with lactic acid solutions has been shown to improve both fresh (Apple et al., 2011) and cooked beef color (Sawyer et al., 2008 (Sawyer et al., , 2009 Apple et al., 2011) ; however, enhancing DC beef with solutions containing 0.5 to 1.0% lactic acid reduced postenhancement muscle pH to between 4.1 and 4.6, resulting in decreased WHC and development of some abnormal fresh and cooked color variations (Sawyer et al., 2009) . Conversely, Sammel and Claus (2003, 2006) reported that marinating of turkey breast in solutions containing citric acid effectively reduced the persistent pink color of cooked ground and whole breasts treated with pinking agents. Citric acid has 3 pKa values and may not reduce postenhancement pH as severely as lactic acid; therefore, 2 experiments were conducted with the objective of testing the effects of the pH of citric acid enhancement solutions on fresh and cooked color of DC beef.
MATERIALS AND METHODS

Muscle Enhancement and Sample Preparation
Normal-pH, low USDA Choice (CH; n = 5/experiment) and DC (n = 41/experiment) beef strip loins (Institutional Meat Purchase Specifications [IMPS] #180; USDA, 2014) were selected based on 24-h postmortem pH and purchased from a large commercial slaughter facility. Upon arrival to the University of Arkansas Red Meat Abattoir (Fayetteville, AR), vacuum-packaged strip loins were allowed to age 7 d from box date (48 h after slaughter) at 2°C before strip loins were removed from the vacuum package and trimmed free of fat, gluteus medius, and adjacent minor muscles. Then, pH of the LM in each strip loin was measured once in the center of the strip loin with a handheld, ceramic-tipped, temperature-compensating pH probe (205 pH/Temperature Meter; Testo Inc., Sparta, NJ) calibrated to pH 4.0 and 10.0 (for Exp. 1 and 2, mean pH for DC strip loins was 6.57 ± 0.19 and 6.65 ± 0.16, respectively, whereas mean pH for CH beef strip loins was 5.48 ± 0.03 and 5.51 ± 0.03, respectively).
Because strip loins were from different, unidentified carcass sides, each DC strip loin was cut into 2 equal-length muscle sections, and in each experiment, DC muscle sections (n = 9/treatment) were randomly assigned to 1 of 8 enhancement treatments of pH 3.5, 4.0, 4.5, or 5.0 solutions (Exp. 1) or pH 2.0, 2.5, 3.0, or 3.5 solutions (Exp. 2). In Exp. 1, enhancement solutions were made by mixing pure (≥95%) citric acid (Cargill, Inc., Eddyville, IA), with a pH of 1.6, in either a tap water (H 2 O) or a 0.5% orthophosphate (PO 4 ) solution (Brifisol 550 [product number 7 7334 233]; B. K. Giulini Corp., Simi Valley, CA), whereas in Exp. 2, solutions were made by mixing pure citric acid (Cargill, Inc.) in a base solution of either 0.5% PO 4 (B. K. Giulini Corp.) or 0.5% sodium tripolyphosphate (TPP; Brifisol STP New [product number 51327]; B. K. Giulini Corp.). In addition, noninjected DC sections (n = 9/experiment) served as negative controls, whereas the CH sections served as noninjected positive controls. Enhancement solutions were prepared in 4°C tap water, and under continuous agitation with a Rotosolver high-shear mixer (Admix Inc., Manchester, NH), citric acid was titrated into the respective base solutions to achieve the specific solution pH.
In both experiments, weight and pH of each DC section were recorded before being injected to 111% of raw section weight with their (meat weight basis) with their respective enhancement solution with a single pass through a Fomaco 20/40 injector (Reiser Inc., Canton, MA). A sequentially numbered, heat-resistant tag designating the individual identify of each section was placed on the injector belt adjacent to the section during enhancement. Immediately after injection, the weight of each section was recorded and the individual identifying tag was tied to its corresponding section with cotton butcher twine inserted into the tail using a trussing needle. Then, all DC muscle sections from a single enhancement treatment were placed into a TM-300 vacuum tumbler (Promarks Inc., Claremont, CA) without any free enhancement solution and tumbled at 42 rpm under 12.4 N/cm 2 of vacuum for 5 min. After tumbling, the enhanced sections were placed on shelves and allowed to equilibrate for 30 min before recording postenhancement weights and LM pH values. In addition, LM pH of nonenhanced DC and CH sections was recorded at comparable times, and yields during the enhancement process were calculated based on the fresh, pre-enhanced section weight. It should be noted that the injector and tumbler were thoroughly cleaned and sanitized between treatment applications and the temperatures of equipment and processing room were maintained at between 2 and 4°C to systematically control the variation associated with each processing step.
In each experiment, sections were cut into three 2.54-cm-thick steaks and one 1.27-cm-thick steak. One 2.54-cm-thick steak was vacuum-packaged and stored in the dark for 2 wk at -20°C for evaluation of cooked color, whereas the remaining 2.54-cm-thick steaks were individually placed onto foam trays with absorbent pads and overwrapped with a polyvinyl chloride (PVC) film (O 2 transmission rate = 14,000 mL (m 2 -1 •24 h•atmosphere -1 ; Koch Supplies Inc., Kansas City, MO) for simulated retail display at 2°C. Steaks designated for instrumental (n = 90/experiment) and visual color (n = 90/experiment) analyses were stored under simulated retail display conditions (1,600 lux deluxe warm white fluorescent lighting; Philips Inc., Somerset, NJ) for 6 d. The 1.27-cm-thick steak was used to measure WHC and moisture content.
Water-Holding Capacity
The WHC of muscle samples was measured approximately 30 min after the fabrication of the sections using the methodology of Wierbicki and Deatherage (1958) . Briefly, 500 mg of fresh, never-frozen muscle tissue from the center of each steak (devoid of visible fat or connective tissue) was weighed onto a piece of Whatman No. 1 filter paper, which had been stored in a desiccator over saturated potassium chloride. The sample was then pressed at 345 N/cm 2 for 1 min in a Carver Press (17900-254; Fred S. Carver Inc., Summit, NJ). Areas of the meat and moisture were traced and subsequently measured using a compensating planimeter (Planix 8; Sokkia Corp., Overland Park, KS). All samples were analyzed in duplicate, and the percentage of free water was calculated by the following equation: free water (%) = {[(moisture surface area -meat surface area) × 61.1]/total moisture} × 100, whereas the percentage of bound water was calculated by subtracting the free water from 100.
Percent moisture analysis was conducted using duplicate 5-g samples of LM according to the freeze-drying method of Apple et al. (2001) . Samples were freeze-dried for 96 h in a Labconco freeze dryer (FREEZE DRYER 4.5; Labconco Corp., Kansas City, MO) with settings for a vacuum pressure of < 1.33 Pa (<10 μm Hg) and a temperature of -50°C. After drying, moisture percentage was calculated as the difference between the wet and freeze-dried sample weights divided by the wet weight.
Simulated Retail Display
Instrumental color of steaks under simulated retail display conditions was measured on d 0 (45 min after packaging), 1, 2, 3, 4, and 5 using a Hunter MiniScan XE (model 45/0-L; Hunter Associates Laboratory, Inc., Reston, VA) calibrated daily against black and white tiles (X = 77.33, Y = 81.95, and Z = 86.20 ; serial number M06913; Hunter Associates Laboratory, Inc.). The L*, a*, and b* values (CIE, 1976) , were determined from the mean of 3 readings on the surface of each steak using Illuminant A, a 10° standard observer, and a 2.54-cm aperture. Additionally, hue angle was calculated as tan -1 (b*/a*), whereas chroma (C*) was calculated as (a* 2 + b* 2 ) 1/2 (AMSA, 2012).
A 5-member, trained sensory panel was used to evaluate the sensory color of steaks during retail display. Panelists were selected and trained according to American Meat Science Association (1991) guidelines. Sensory panelists evaluated each steak under display for fresh beef color (8 = extremely bright cherry-red, 7 = bright cherry-red, 6 = moderately bright cherryred, 5 = slightly bright-cherry red, 4 = slightly dark cherry-red, 3 = moderately dark red, 2 = dark red, and 1 = extremely dark red; AMSA, 2012) and percent discoloration (8 = no [0 to 5%] 
Cooked Color
Vacuum-packaged, 2.54-cm-thick steaks were thawed for approximately 16 h at 1°C before being cooked on a gas-fired, open-hearth grill (Star Manufacturing, Inc., Smithville, TN). Steaks were turned every 3 min until the internal temperature of the steak reached 71°C (AMSA, 1995) , and rested 5 min at room temperature (23°C) before slicing for visual and instrumental color analysis. Internal steak temperature was monitored using an Omega hypodermic probe (Omega Technologies, Stamford, CT) attached to a K28 Foodcheck Thermometer (Comark Instruments, Beaverton, OR). Steaks were cut just off the center (perpendicular to the steak surface), and within 20 s of cutting, a 10-member, trained sensory panel (selected and trained according to American Meat Science Association [1991] guidelines) evaluated each cut surface (to the nearest 0.5) for internal cooked color (7 = brown, 6 = gray brown, 5 = pinkish gray, 4 = slightly pink, 3 = pink, 2 = medium red, and 1 = very red; AMSA, 2012) and internal doneness (7 = very well, 6 = well done, 5 = medium well, 4 = medium, 3 = medium rare, 2 = rare, and 1 = very rare; AMSA, 2012). Sensory evaluation was conducted with 2 sensory color sessions a day (n = 9 steaks/session) over a 5-d period.
Instrumental cooked color readings of steaks were concurrently measured with visual analysis (within 20 s of cutting) on half of the steak wrapped immediately after cutting with a PVC film (O 2 transmission rate = 14,000 mL (m 2-1 •24 h•atmosphere -1 ; Koch Supplies Inc.). Values were measured using a Hunter MiniScan XE (model 45/0-L; Hunter Associates Laboratory, Inc.) calibrated before every session against black and white tiles covered with the same PVC film. The L*, a*, and b* values (CIE, 1976) were determined from the mean of 3 readings on the cut surface of each steak using Illuminant A, a 10° standard observer, and a 1.27-cm aperture. In addition to calculating hue angle and C*, the reflectance at 630 nm was divided by the reflectance at 580 nm to calculate the red-to-brown ratio (AMSA, 2012).
Statistical Analysis
In both experiments, data were analyzed as a completely randomized design, with 8 enhancement treatments plus positive (CH) and negative (DC) controls, which enabled comparisons to be made among 10 different treatments. Loin section was the experimental unit and there were 9 replicates of each treatment. The ANOVA was generated using the mixed model procedure of SAS (version 9.2; SAS Inst. Inc., Cary, NC), and the statistical model for pH and WHC, as well as for all cooked color characteristics, included treatment as the lone fixed effect, whereas the fresh steak color data collected for 5 d of simulated retail display was analyzed as a repeated measure, with treatment, display day, and the treatment × day interaction as the fixed effects in the model. In the analysis of visual appraisal of fresh and cooked color, panelist was included in the model as a random effect. Least squares means were calculated for all treatments, and because of the unique treatment structure, preplanned contrasts were used to test 1) base solution differences (PO 4 vs. H 2 O in Exp. 1 and PO 4 vs. TPP solution in Exp. 2), 2) linear and quadratic responses to decreasing enhancement solution pH, 3) differences between each enhancement solution pH and untreated CH control, and 4) differences between each enhancement solution pH and nonenhanced DC control.
RESULTS AND DISCUSSION
Pre-and Postenhancement pH
Before enhancement, DC sections had substantially greater (P < 0.001) LM pH values than CH sections in both experiments (Tables 1 and 2 ). Although postenhancement pH values were similar (P ≥ 0.180) among enhanced and nonenhanced DC sections in Exp. 1 (Table 1) , LM pH linearly decreased (P < 0.001) as solution pH declined from 3.5 to 2.0 in Exp. 2 (Table 2 ). In particular, enhancement with pH 2.0 solutions reduced (P ≤ 0.038) LM pH almost 2.6 and 1.4 units below nonenhanced DC and CH sections, respectively, whereas the postenhancement pH of DC sections marinated in pH 2.5 and 3.0 solutions was less (P ≤ 0.002) than DC sections, but LM pH values were similar (P = 0.141) between CH and pH 2.5-enhanced DC sections. Interestingly, sections enhanced with PO 4 -base solutions had lower (P < 0.001) pH values than those enhanced with H 2 O-base solutions in Exp. 1, but postenhancement LM pH did not (P = 0.100) differ between PO 4 -and TPP-base solutions in Exp. 2.
A number of studies have clearly demonstrated that subjecting beef to citric acid marination reduced muscle pH (Arganosa and Marriott, 1989; Ke et al., 2009; Elgadir et al., 2011) , but the enhancement solution pH has to be lower than the levels used in Exp. 1. For example, Howat et al. (1983) reduced the pH of semimembranosus steaks from 5.7 to 4.7 in a lime juice marinade with a solution pH of 2.56, which corresponds well with the decline in LM pH in DC sections enhanced with pH 2.5 and 2.0 solutions. Moreover, when LM steaks were marinated in solutions formulated with 0.5, 1.0, and 1.5% citric acid, Aktaş et al. (2003) Apple et al. (2011) reported that enhancing DC beef with solutions containing 0.15 to 0.35% lactic acid failed to reduce muscle pH below 6.0, but the pH of the LM from DC carcasses was reduced to values below 5.00 by lactic acid enhancement at concentrations between 0.50 and 2.0% (Sawyer et al., 2008 (Sawyer et al., , 2009 . Because citric acid has 3 pKa values (3.06, 4.74, and 5.40) , Aktaş et al. (2003) explained that citric acid cannot induce dramatic reductions in postrigor muscle pH because it can act as a buffer when it binds to muscle, whereas lactic acid can dramatically reduce muscle pH because it has only 1 pKa at 3.86; therefore, it would take greater quantities of citric acid, resulting in a much lower enhancement solution pH, to reduce the muscle pH of DC beef.
Moisture Retention
In Exp. 1, total moisture content was greater (P = 0.053) in nonenhanced DC steaks than in CH steaks, and the moisture content of steaks from enhanced DC sections was greater (P < 0.001) than both untreated DC and CH steaks, regardless of base solution (Table 1 ), yet total moisture content of the LM did not differ between nonenhanced DC and CH (P = 0.383) steaks or between steaks from DC sections enhanced with pH 2.0 solutions and untreated DC (P = 0.443) or CH (P = 0.809) sections in Exp. 2 (Table 2 ). In addition, total moisture content increased (linear, P < 0.001) with increasing solution pH, with the LM from DC sections enhanced with pH 2.5, 3.0, and 3.5 solutions having greater (P ≤ 0.001) percentages of moisture than either DC or CH steaks.
When comparing nonenhanced controls, DC steaks had less (P < 0.001) free moisture and more (P < 0.001) bound moisture than CH steaks in both experiments (Tables 1 and 2 ). In Exp. 1, regardless of solution pH, the free moisture content of enhanced DC sec-tions was less (P < 0.001) than that of CH sections and greater (P ≤ 0.021) than that of DC sections, whereas the bound moisture content of enhanced DC sections was greater (P < 0.001) than that of CH sections and less (P ≤ 0.021) than that of DC sections (Table 1) . In Exp. 2, the proportions of free moisture increased (linear, P < 0.001) whereas the percentages of bound moisture decreased (linear, P < 0.001) as solution pH decreased from 3.5 to 2.0 (Table 2) . More specifically, enhancement with pH 2.0 solutions produced steaks with greater (P ≤ 0.003) proportions of free moisture and lesser (P ≤ 0.003) proportions of bound moisture than untreated DC and CH steaks, whereas enhancement with pH 3.5 solutions produced free and bound moisture percentages intermediate to either DC (P < 0.001) or CH (P = 0.014) steaks. Additionally, the LM from DC sections enhanced with pH 2.5 had free and bound moisture percentages similar (P = 0.230) to untreated CH steaks, whereas the proportions of free and bound moisture of the LM from DC sections enhanced with pH 3.0 solutions did not (P = 0.079) differ from untreated DC steaks. In Exp. 1, DC sections enhanced with PO 4 -base solutions had less (P < 0.001) free moisture and more (P < 0.001) bound moisture than DC sections enhanced with H 2 O-base solutions, but in Exp. 2, enhancement with PO 4 -base solutions had greater (P = 0.014) free moisture and less (P = 0.014) bound moisture compared with enhancement with TPP-based solutions.
Steaks from nonenhanced DC sections had lower (P = 0.006) display losses than CH steaks during the 5 d of simulated retail display in Exp. 1 (Table 1) , but display loss percentages were similar (P = 0.482) between nonenhanced DC and CH steaks during display in Exp. 2 (Table 2 ). In Exp. 1, steaks from enhanced DC sections had greater (P ≤ 0.001) display losses than steaks from either untreated DC or CH sections and display losses increased (linear, P = 0.004) as solution pH increased from 3.5 to 5.0. In Exp. 2, however, display losses increased (linear, P < 0.001) as solution pH decreased from 3.5 to 2.0 and steaks from enhanced DC sections had greater display losses than both untreated DC (P < 0.001) and CH (P ≤ 0.004) steaks. Although display losses were similar (P = 0.165) between PO 4 -and H 2 O-base solutions in Exp. 1, steaks from sections enhanced with PO 4 -base solutions had greater (P = 0.014) display losses than those enhanced with TPPbase solutions in Exp. 2.
One of the well-established characteristics of DC meat is its exceptionally high WHC (Sawyer et al., 2008 (Sawyer et al., , 2009 Apple et al., 2011) , because the ultimate pH exceeds the isoelectric point of 5.0 to 5.3 of myofibril- Table 1 . Effects of citric acid enhancement solution pH (3.5 to 5.0) on pH and water-holding capacity of darkcutting (DC) beef steaks (Exp. Within a column, least squares means with an asterisk (*) differ (P < 0.05) from CH and least squares means with a single cross ( †) differ (P < 0.05) from DC.
2 pH measured immediately before enhancement.
3 pH measured after 30-min equilibration.
4 Product yield after 30-min equilibration = [(postenhancement section weight -pre-enhancement section weight)/pre-enhancement section weight] × 100.
5 Total moisture = [(postenhancement sample weight -freeze-dried sample weight)/postenhancement sample weight] × 100. 6 Free moisture = {[(moisture surface area -meat surface area) × 61.1]/total moisture} × 100 (Wierbicki and Deatherage, 1958) . 7 Bound moisture = 100% -free moisture (Wierbicki and Deatherage, 1958) . lar proteins (Wismer-Pedersen, 1971; Hamm, 1986) . Oreskovich et al. (1992) demonstrated that the total and bound moisture contents of beef increased when pH was either decreased to 4.25 or less or increased to 7.0 or greater, because there are a greater number of reactive groups on the myofibrillar proteins to bind water at pH values in excess of 6.0 and below 4.0 (Gault, 1985) . When LM pH was decreased to less than 4.3 by citric acid marination, moisture content of beef LM (Aktaş et al., 2003) and semitendinosus (Ke et al., 2009) was increased between 11 and 15%. Conversely, the WHC of either beef or pork was not affected when pH was decreased only 0.04 to 0.15 pH units by marination with organic acids (Mendonca et al., 1989; Huang et al., 2005) . When the pH of DC beef strip loins was reduced from 6.90 to 5.79 by postrigor lactic acid enhancement (0.5% lactic acid), Apple et al. (2011) reported total, free, and bound moisture contents similar to the normal-pH (5.58) strip loins, whereas when pH of DC beef was reduced to between 4.13 and 4.64 by enhancement with 1.0 to 2.0% lactic acid, LM moisture (total, free, and bound) contents were similar to that of nonenhanced DC strip loins (Sawyer et al., 2009 ). In addition, when enhancing DC strip loins with solutions containing less than 0.5% lactic acid, Sawyer et al. (2008) and Apple et al. (2011) noted no change in postenhancement pH from untreated DC strip loins, yet lactic acid enhancement at these low concentrations resulted in increases in total and bound moisture and decreases in free moisture similar to what was observed in the present experiment. They concluded that the increases in total and bound moisture was simply the greater number of reactive protein side groups binding more water from the enhancement solution.
Fresh Beef Color
Even though fresh color scores of steaks from enhanced DC sections were greater (P < 0.001) than those from nonenhanced DC sections during the first 3 d of display, the fresh color scores of untreated normal-pH steaks were superior (P < 0.001) to steaks from either nonenhanced or enhanced DC sections throughout simulated retail display in both Exp. 1 (treatment × display day, P < 0.001; Table 3 ) and Exp. 2 (treatment × display day, P < 0.001; Table 4 ). At the end of the fourth day of display in Exp. 2, steaks from DC sections enhanced with pH 2.5, 3.0, and 3.5 solutions received greater (P ≤ 0.018) color scores than untreated DC steaks but steaks enhanced with pH 2.0 solutions and nonenhanced DC steaks received similar (P = 0.398) fresh color scores (Table 4) . At the end of simulated display (d 5), the fresh color of steaks from DC sections enhanced with 3 pH measured after 30-min equilibration.
5 Total moisture = [(postenhancement sample weight -freeze-dried sample weight)/postenhancement sample weight] × 100. 6 Free moisture = {[(moisture surface area -meat surface area) × 61.1]/total moisture} × 100 (Wierbicki and Deatherage, 1958) . 7 Bound moisture = 100% -free moisture (Wierbicki and Deatherage, 1958) . pH 3.0 and 3.5 was rated lower (P ≤ 0.011) than untreated DC steaks, yet color scores did not (P ≥ 0.108) differ between DC steaks and those from DC sections enhanced with pH 2.0 and 2.5 solutions. In Exp. 1, base solution had no (P ≥ 0.064) effect on fresh color scores during the first 3 d of display; however, steaks enhanced with PO 4 solutions received greater (P = 0.011) scores than those enhanced with H 2 O-base solutions on d 4 of display, whereas steaks enhanced with H 2 O solutions received greater (P = 0.014) fresh color scores than steaks enhanced with PO 4 solutions on d 5 (Table 3) . Similarly, DC steaks enhanced with PO 4 -base solutions received greater (P = 0.034) fresh color scores than steaks enhanced with TPP-base solutions on d 1 of display; otherwise, base solution did not (P ≥ 0.066) affect fresh color scores on d 0, 2, 3, 4, or 5 of simulated retail display (Table 4) .
In Exp. 1, CH steaks were less discolored (greater discoloration scores; P < 0.001) than steaks from enhanced and nonenhanced DC sections after 1 d of display, but discoloration scores did not differ between enhanced DC and CH steaks (P ≥ 0.101), enhanced DC and nonenhanced DC steaks (P ≥ 0.086), or untreated DC and CH steaks (P ≥ 0.202) on d 2 and 3 of simulated retail display (treatment × display day, P < 0.001; Table 3 ). Conversely, panelist rated DC and enhanced DC steaks less discolored (greater discoloration scores; P < 0.001) than CH steaks over the last 2 d of display. When placed into simulated retail display (d 0) in Exp. 2, CH steaks were less discolored (greater discoloration scores; P < 0.001) than DC steaks, and steak discoloration linearly increased (P < 0.001) as solution pH decreased from 3.5 to 2.0, with steaks from DC sections enhanced with pH 2.5 and 2.0 solutions being more than 50% discolored on placement in display (treatment × display day, P < 0.001; Table 4 ). Even though untreated DC steaks received lesser (P ≤ 0.010) discoloration scores than CH steaks on d 1, 3, and 4 of display, mean scores were never more than 1.1 points different, and discoloration scores were similar between nonenhanced DC and CH steaks on d 2 (P = 0.915) and 5 (P = 0.128) of display. Conversely, steaks from enhanced DC sections were generally more discolored than nonenhanced DC (P ≤ 0.034) and CH steaks (P ≤ 0.008) throughout the 5 d of simulated display, with pH 2.0-enhanced DC steaks receiving discoloration scores indicative of "total discoloration" from the end of d 1 to completion of the display period.
In Exp. 1, steaks from DC sections enhanced with PO 4 -base solutions were more discolored (lower discoloration scores; P ≤ 0.028) than those enhanced with H 2 O-base solutions on Day 1 and 2 of display, but discoloration scores did not (P ≥ 0.241) differ between base solutions thereafter (Table 3) . Conversely, in Exp. 2, DC steaks enhanced with TPP-base solutions were deemed less (P = 0.009) discolored on the last day of display than those enhanced with PO 4 -base solutions; otherwise, discoloration scores did not (P ≥ 0.061) differ between phosphate solutions during the first 4 d of display (Table 4) . Acuff et al. (1987) reported that steaks from normal-pH beef strip loins treated with 1% lactic acid were more desirable in appearance compared with those from untreated strip loins, whereas Kotula and Thelappurate (1994) found that neither lactic acid nor acetic acid affected visual color scores of fresh beef steaks. Conversely, Aktaş and Mükerrem (2001) reported that citric acid marination produced a brown color more quickly than untreated steaks, and Naveena et al. (2006) reported that buffalo steaks marinated in 2% lactic acid were more discolored during the first 3 d of display when compared with untreated buffalo steaks. Enhancing DC beef strip loins with lactic acid improved fresh beef colors scores over the nonenhanced DC control, but visual color scores never approached those of untreated CH strip steaks (Sawyer et al., 2009; Apple et al., 2011) . In addition, discoloration scores of untreated DC steaks were virtually unchanged across the 5-d display period, but CH steaks were noticeably discolored after 3 d of display (Apple et al., 2011) . In the present study, discoloration increased as time in simulated retail display increased, with steaks receiving similar discoloration scores on d 2 and 3, regardless of treatment; however, over the last 2 d of display, enhanced and untreated DC steaks were rated less discolored than untreated CH steaks. Additionally, panelists noted greater discoloration of citric acid-enhanced DC steaks on day 0 than CH steaks, which was similar to the results of Sawyer et al. (2009) and Apple et al. (2011) , where panelists observed greater discoloration in DC steaks enhanced with 0.5 to 1.0% lactic acid compared with untreated CH steaks on the first day of simulated display.
In Exp. 1, fresh CH strip loin steaks were lighter (greater L* values; P < 0.001) than fresh steaks from DC strip loins, and the L* values of raw steaks from enhanced DC strip loin sections were intermediate (P < 0.001) to either nonenhanced control (Fig. 1) , regardless of base solution (PO 4 vs. H 2 O; P = 0.999) or solution pH (P ≥ 0.201). Similarly, in Exp. 2, initial (d 0) L* values were greater (P < 0.001) for CH steaks than untreated DC steaks, and CH steaks remained lighter (greater L* values; P < 0.001) than DC steaks throughout the 5-d display period (treatment × display day, P = 0.013; Table 6 ). Furthermore, across the simulated retail display period, DC steaks became lighter (linear, P < 0.001) as the solution pH decreased from 3.5 to 2.0, with steaks from DC sections enhanced with pH 2.0 solutions being lighter than CH (P ≤ 0.002) and DC steaks (P < 0.001) from d 1 to 5 of display. In addition, pH 2.5-enhanced DC steaks had fresh L* values similar (P ≥ 0.142) to CH steaks, whereas L* values of steaks from DC sections enhanced with pH 3.0 and 3.5 solutions were intermediate to the CH (P < 0.017) and DC controls (P ≤ 0.045) on d 1, 2, 3, and 5 of display. Interestingly, L* values were not (P ≥ 0.087) affected by the base solution on d 0, 1, or 2, but on d 3 through 5 of display, steaks enhanced with PO 4 -base solutions had greater (P ≤ 0.035) L* values than those enhanced with the TPP-base solutions.
Citric acid enhancement did not alter L* values of fresh beef steaks (Aktaş and Mükerrem, 2001; Hinkle et al., 2010) or pork LM chops (Huang et al., 2005) ; however, other research has demonstrated that citric acid marination increased L* values of raw beef (Arganosa and Marriott, 1989; Önenç et al., 2004; Elgadir et al., 2011) and buffalo steaks (Naveena et al., 2006) . When DC beef was enhanced with lactic acid, Sawyer et al. (2009) reported that nonenhanced CH steaks were lighter than nonenhanced DC steaks, but steaks from DC sections enhanced with 0.25 to 0.75% lactic acid had L* values similar to the CH steaks. Yet similar to the results of the present study, Apple et al. (2011) observed that untreated DC steaks were darker (lower L* values) than CH steaks, with steaks from DC strip loins enhanced with 0.35 and 0.50% lactic acid having had L* values intermediate to either nonenhanced DC or CH steaks.
Initially (d 0), CH steaks were redder (greater a* values; P < 0.001) than nonenhanced and enhanced DC steaks, regardless of pH or base solution in Exp. 1 (treatment × display day, P < 0.001; Table 5 ). Redness (a*) values of enhanced DC steaks were intermediate to those of nonenhanced DC and CH steaks after 1 (P ≤ 0.002) and 2 d (P ≤ 0.008) of simulated display, with a* values increasing (linear, P = 0.05) as solution pH increased from 3.5 to 5.0 on d 1 of display. Interestingly, a* values did not (P = 0.181) differ between DC and CH steaks on d 3 of display, whereas steaks from DC sections enhanced with pH 4.0 (P = 0.015) and 4.5 (P = 0.003) solutions were redder than untreated DC steaks. Conversely, DC steaks had greater (P ≤ 0.029) a* values than CH steaks over the last 2 d of display, whereas steaks from DC sections enhanced with pH 3.5, 4.0, and 4.5 were redder (P ≤ 0.004) than CH steaks on d 4 of simulated retail display and all enhanced DC steaks were redder (P < 0.001) than CH steaks on d 5 of simulated retail display.
In Exp. 2, d 0 a* values were greater (P < 0.001) in untreated CH steaks than in DC steaks; however, redness increased (quadratic, P < 0.001) with decreasing solution pH up to 2.5, with that pH resulting in enhanced DC steaks having a* values intermediate to either CH (P < 0.001) or DC (P = 0.001) steaks in Exp. 2 (treatment × display day, P < 0.001; Table 6 ). It should be not-ed that steaks from DC sections enhanced with pH 2.0 solutions were the least red, having lesser (P < 0.001) a* values than the CH and DC controls throughout display (d 0 to 5), whereas pH 2.5-enhanced steaks had redness values intermediate to both untreated CH (d 1 to 5; P < 0.001) and DC (d 3 to 5; P ≤ 0.006) steaks. With the exception of pH 3.5-enhanced DC steaks on d 5 of display, a* values were similar (P ≥ 0.090) among untreated DC steaks and steaks from DC sections enhanced with pH 3.0 and 3.5 solutions across the entire display period.
In Exp. 1, steaks from untreated DC sections were closer to the true red axis (lesser hue angles; P < 0.001) than CH steaks on each day of simulated retail display (treatment × display day, P < 0.001; Table 5 ). Because of lower a* values, it was not surprising that steaks from enhanced DC sections also had lower (P < 0.001) hue angles than CH steaks across the 5-d display period. In addition, steaks from DC sections enhanced with pH 4.5 and 5.0 solutions had greater hue angles than untreated DC steaks on d 1 (P ≤ 0.005) and 2 (P ≤ 0.023) of display, whereas hue angles of pH 4.5-and pH 5.0-enhanced DC steaks were greater than those of nonenhanced DC steaks on d 3 (P = 0.002) and 5 (P = 0.010) of simulated retail display, respectively.
Calculated hue angles indicated that nonenhanced DC (P ≤ 0.024) and pH 3.5-enhanced DC steaks (P ≤ 0.048) were closer to the true red axis than CH steaks throughout simulated retail display and that hue angles linearly increased (P < 0.001) as solution pH decreased from 3.5 to 2.0 in Exp. 2 (treatment × display day, P < 0.001; Table 6 ). In accordance with a* results, pH 2.0-enhanced DC steaks had the greatest hue angles, indicating that the fresh color of these steaks was closer (P < 0.001) to the true yellow axis on each day of display than either untreated control. Moreover, hue angles were similar (P ≥ 0.094) for CH and pH 2.5-enhanced DC steaks between d 1 and 5 of display. On the other hand, hue angles were not (P ≥ 0.169) affected by base solution during simulated retail display in either Exp. 1 or 2.
A number of studies have shown that citric acid marination reduces the redness (reduced a* and greater hue angle values) of fresh steaks from beef (Aktaş and Mükerrem, 2001; Önenç et al., 2004; Elgadir et al., 2011) , pork (Huang et al., 2005) , and buffalo carcasses (Naveena et al., 2006) . Sawyer et al. (2009) reported that fresh CH steaks had greater a* values and hue angles than untreated DC steaks but that steaks from DC strip loins enhanced with 0.5 to 1.0% lactic acid were considerably less red (lower a* values and greater hue angles) than untreated CH steaks. Additionally, Apple et al. (2011) observed that a* values and hue angles indicated that untreated CH steaks were redder than untreated DC steaks over the first 3 d of simulated retail display, yet a* values were similar between steaks from untreated CH and DC strip loins enhanced with 0.25% lactic acid on the fifth day of display, which is consistent with the results of the present study. The citric acid solutions used in the present study failed to reduce the postenhancement pH of the DC strip loin sections used in the present experiment; therefore, it is not surprising that the redness of fresh steaks was not really altered among nonenhanced and enhanced DC steaks.
Initial (d 0) C* values were greater (P < 0.001) for CH steaks than for either nonenhanced or enhanced DC steaks in Exp. 1 (treatment × display day, P < 0.001; Table 5 ). Again on d 1, 2, and 3 of simulated retail display, CH steaks had a more vivid (greater C* values; P C and L C and L C and L C and L C and L C and L
Cont'd.
≤ 0.005) color than untreated DC steaks, whereas steaks from DC sections enhanced with citric acid, regardless of solution pH, had C* values less (P < 0.001) than steaks from CH sections but greater (P ≤ 0.007) than steaks from DC sections on d 1 and 2 of display. Even though steaks from DC sections enhanced with pH 3.5, 4.0, and 4.5 solutions had a more vivid color (P ≤ 0.052) than untreated DC steaks on d 3 of display, C* values were similar (P ≥ 0.144) among enhanced DC steaks and CH steaks on d 3 of display. On d 4 of display, C* values did not differ among enhanced DC and either nonenhanced DC (P ≥ 0.100) or CH (P ≥ 0.101) steaks; however, on d 5 of display, untreated and pH 4.5-enhanced DC steaks had greater (P ≤ 0.016) C* values than CH steaks, and pH 5.0-enhanced DC steaks had lower (P = 0.048) C* values than untreated DC steaks. Nonenhanced CH steaks had a more vivid (greater C* values; P ≤ 0.026) fresh color than DC steaks, and C* values quadratically increased (P < 0.001) as solution pH increased from 2.0 to 3.5 across the 5 d of simulated retail display in Exp. 2 (treatment × display day, P < 0.001; Table 6 ). Fresh color of pH 2.0-enhanced DC steaks was the least (P ≤ 0.004) vivid compared with either the CH or DC controls, and with the exception of initial (d 0) C* values, steaks from DC sections enhanced with pH 2.5, 3.0, and 3.5 solutions were less vivid (P ≤ 0.001) than CH steaks each day of display. Sawyer et al. (2009) observed that fresh C* values were greater in nonenhanced CH steaks compared with steaks from untreated DC strips loins and from DC strip loins enhanced with 0.25 and 0.50% lactic acid, but steaks from DC strips enhanced with 0.75 or 1.00% lactic acid were considerably less vivid than nonenhanced CH and DC steaks. And Apple et al. (2011) also demonstrated that lactic acid enhancement increased C* values of DC steaks across 5 d of simulated retail display; however, in agreement with the present results, C* values were still less than those from nonenhanced CH LM steaks.
In Exp. 1, DC steaks enhanced with PO 4 -base solutions had greater (P ≤ 0.034) C* values on Days 1 and 4 of display than DC steaks enhanced with H 2 O-base solutions (Table 5) , whereas in Exp. 2, TPP-enhanced DC steaks had greater (P = 0.018) C* values than PO 4 -enhanced DC steaks on d 3 of display (Table 6) . Otherwise, base solution had no appreciable effects on C* values in Exp. 1 (P ≥ 0.087) or Exp. 2 (P ≥ 0.066).
Cooked Beef Color
In Exp. 1, nonenhanced and enhanced DC steaks received lower (P < 0.001) cooked color scores than CH steaks (pink vs. slightly pink internal cooked color), and steaks from DC sections enhanced with pH 4.0 and 4.5 received lower (P ≤ 0.003) cooked color scores than untreated DC steaks (Table 7 ). In addition, degree-of-doneness scores were greater (P < 0.001) for CH steaks than for nonenhanced and enhanced DC steaks ("medium" vs. "medium rare" at the same internal endpoint temperature of 71°C). Conversely, in Exp. 2, cooked color and degreeof-doneness scores were similar (P ≥ 0.113) between CH steaks and steaks from DC sections enhanced with pH 2.5 solutions, and both received greater (P < 0.001) cooked color and degree-of-doneness scores than untreated DC steaks (Table 8) . Enhancement with pH 3.5 solutions did not (P ≥ 0.096) change the internal cooked color or degree-of-doneness of DC steaks, whereas visual scores of pH 3.0-enhanced DC steaks were intermediate to untreated DC (P ≤ 0.053) and CH steaks (P < 0.001). In agreement with the fresh color results, enhancement with pH 2.0 solutions caused cooked color ("gray brown") and degree-of-doneness ("medium well" to "well done") scores of DC steaks to be elevated (P < 0.001) over those of untreated CH and DC steaks, even though all steaks were cooked to an internal endpoint temperature of 71°C. Base solution did not affect visual internal color scores in either Exp. 1 (P ≥ 0.598) or Exp. 2 (P ≥ 0.433).
A problematic characteristic of DC meat is the persistent red appearance when cooked to endpoint temperatures of 71°C or greater, and previous research from this laboratory has demonstrated that enhancing DC LM steaks with 0.5% lactic acid could produce cooked color scores and degree-of-doneness scores that were not different from nonenhanced CH steaks; however, enhancement with solutions containing 0.75 to 2.00% lactic acid actually produced an overcooked appearance (Sawyer et al., 2008 (Sawyer et al., , 2009 Apple et al., 2011) . Moreover, Sawyer et al. (2008 Sawyer et al. ( , 2009 ) attributed the improvements in internal cooked color to increased myoglobin denaturation in steaks from enhanced DC strip loins (53.7 to 71.2%), which was greater than nonenhanced DC steaks (35.8 to 37.1%) but similar to nonenhanced CH steaks (60.1 and 57.8%, respectively). Interesting, Aktaş and Mükerrem (2001) also noted that the internal cooked color of steaks marinated in 0.5 to 1.5% citric acid had a white, overcooked appearance.
Base solution had no effect on any instrumental color measure of internal cooked color in Exp. 1 (P ≥ 0.556; Table 7 ) or Exp. 2 (P ≥ 0.247; Table 8 ). Except for the internal cooked color of pH 5.0-enhanced DC steaks being lighter (greater L* values; P = 0.032) than that of untreated DC steaks, there were no differences in internal cooked L*, a*, and C* values between CH Table 7 . Effects of citric acid enhancement solution pH (3.5 to 5.0) on the visual and instrumental color characteristics of dark-cutting (DC) beef steaks cooked to an internal endpoint temperature of 71°C (Exp. 3 Degree of doneness: 1 = very rare to 7 = very well (AMSA, 2012). 4 L* values are a measure of darkness to lightness (greater value indicates a lighter color) and a* values are a measure of redness (greater value indicates a redder color).
5 Hue angle represents the change from the true red axis (greater angle indicates a greater shift from the true red axis). 6 Chroma, or saturation index, is a measure of the total color (a greater value indicates a more vivid color).
7 Spectral reflectance ratio of 630:580 nm is an estimate of cooked color change from red to brown (greater value indicates a redder color; AMSA, 1991).
8 A significant (P < 0.05) contrast is indicated by Ch (CH vs. DC), Ln (linear solution pH effect), and/or Qd (quadratic solution pH effect).
and DC steaks (P ≥ 0.096), among enhanced and nonenhanced DC steaks (P ≥ 0.090), or among enhanced DC steaks and CH steaks (P ≥ 0.065) in Exp. 1 (Table 7 ). Yet hue angles were lower (P = 0.024) for nonenhanced and enhanced DC steaks compared with CH steaks, whereas the reflectance ratio of 630:580 nm was greater (P ≤ 0.053) in cooked steaks from untreated and pH 5.0-enhanced DC steaks than those from CH steaks. In Exp. 2, neither cooked L* nor cooked a* values differed (P ≥ 0.671) between nonenhanced DC and CH steaks, and both cooked L* (P ≥ 0.181) and a* values (P ≥ 0.158) were similar among CH steaks, untreated DC steaks, and DC steaks enhanced with pH 2.5, 3.0, and 3.5 solutions (Table 8) . However, enhancement with pH 2.0 solutions markedly reduced (P < 0.001) the internal lightness (L*) and redness (a*) values compared with untreated CH and DC steaks. Hue angles of CH steaks and pH 2.5-enhanced DC steaks were greater (P ≤ 0.039) than those of nonenhanced DC steaks, but hue angles were similar (P ≥ 0.085) among CH steaks, DC steaks, and steaks enhanced with pH 3.0 and 3.5 solutions. Although C* values did not (P ≥ 0.092) differ among CH, DC, pH 2.5-, and pH 3.0-enhanced steaks, internal cooked color of steaks from DC sections enhanced with pH 3.5 solutions was more vivid (greater C* value; P = 0.041) than that of untreated DC steaks. Again, enhancement with pH 2.0 solutions detrimentally impacted hue angles (P ≤ 0.001) and C* values (P < 0.001) of cooked steaks compared with untreated CH and DC steaks. In addition, the red-to-brown (630:580 nm) ratio of pH 2.0-enhanced DC steaks was substantially lower (P ≤ 0.001) than those of DC and CH steaks, indicative of an overcooked appearance.
Similar to the current results, L*, b*, and C* values were not affected by enhancing DC strip loin sections with lactic acid (Sawyer et al., 2008; Apple et al., 2011) , but the internal redness of cooked DC steaks was decreased by enhancing DC strip loins with lactic acid, with cooked a* values and red-to-brown ratios of steaks from DC sections enhanced with 0.50% lactic acid comparable with those of untreated CH steaks. Conversely, enhancing DC beef with 0.75 to 2.00% lactic acid produced the appearance of overcooked ("well done" to "very well done") beef even when cooked to the same internal endpoint temperature of 71°C (Sawyer et al., 2008 (Sawyer et al., , 2009 .
Because citric acid has 3 pKa values, it was hypothesized that enhancement solutions formulated with citric acid would not reduce postenhancement pH as severely as lactic acid. Moreover, Sammel and Claus (2003) postulated that citric acid could reduce, or eliminate, persistent pink color in 2 ways: 1) as a metal chelator, citric acid could potentially bind iron in the porphyrin ring of myoglobin and/or 2) promote protein Table 8 . Effects of citric acid enhancement solution pH (2.0 to 3.5) on the visual and instrumental color characteristics of dark-cutting (DC) beef steaks cooked to an internal endpoint temperature of 71°C (Exp. denaturation. In a series of experiments, sodium nitrite and sodium nicotinamide were used to promote pink color formation in ground and whole turkey breast meat and subsequently treated with varying levels of citric acid. Kieffer et al. (2000) , as well as Sammel and Claus (2003) , reported that citric acid decreased the redness (a*) values of cooked ground turkey, whereas Sammel and Claus (2006) observed a reduction in a* values when irradiated turkey rolls were treated with 0.3% citric acid. However, when intact turkey breasts were enhanced with citric acid, Sammel and Claus (2003) noted that pink color development was not curtailed in cooked, intact turkey breasts by citric acid enhancement.
Conclusion
Results obtained from these 2 experiments indicate that enhancing DC beef with citric acid solutions formulated to pH values of 3.0 to 5.0 cannot alter the postmortem muscle pH, fresh color, or cooked color equivalent to that of beef from CH sections with normal ultimate pH values. More promising, however, was that enhancement of DC beef strip loins with pH 2.5 citric acid solutions effectively changed the raw pH and internal cooked color similar to that of nonenhanced, normal-pH CH steaks but failed to positively impact fresh visual color. In contrast, enhancement with pH 2.0 solutions caused LM pH to decline to values less than 4.1, resulting in considerable discoloration of fresh steaks even on d 1 of simulated retail display and an overcooked internal appearance. Furthermore, base solution had no appreciable effects on either fresh or cooked color of enhanced steaks. Therefore, it is plausible that steaks from postrigor DC beef enhanced with pH 2.5 citric acid solutions could be marketed to foodservice outlets because it can eliminate the persistent red, undercooked appearance of DC beef. It is possible that enhancing beef with high quantities of citric acid may alter the flavor profile of cooked beef steaks; therefore, sensory research needs to be conducted before beef industry implementation.
